Abstract: Mercury intrusion porosimetry (MIP) has been utilized for decades to obtain the pore size, pore volume and pore structure of variable porous media including inorganic rocks and organic rock (e.g., shales and coals). Diffusivity and permeability are the two crucial parameters that control gas transport in coals. The main purpose of this work is to derive the CH 4 effective gas diffusivity and permeability in different rank coals with vitrinite reflectance of 0.46-2.79% R o,m by MIP. Furthermore, regular CH 4 diffusivity and permeability measurements are conducted to compare with the results of the derived CH 4 diffusivity and permeability with MIP data. In this work, CH 4 diffusivity and permeability of different rank coals are acquired with established equations, which are basically in accordance with the experimental values. However, the coal rank (maximum vitrinitere flectance, R o,m ) exhibits no significant relation to the effective diffusion coefficient (De) and gas diffusivity (D ). The cementation factor (m values) varies from 2.03 to 2.46, which tends to exhibit a semi-consolidated structure for coals compared with other rocks (e.g., dolomite, limestone, sandstone and red brick). The results show that the cementation factor could be an important factor for gas flow in coals. The correlation of CH 4 diffusivity to porosity and permeability of 12 coal samples were explored, and it appears that CH 4 diffusivity exhibits an increasing trend with an increase of permeability, and two different exponential relationships respectively exist in diffusivity versus porosity and permeability versus porosity. Therefore, this study could be conducive to gas sequestration or gas production during enhanced coalbed methane (CBM) recovery.
Introduction
Darcy flow is the dominant flow in conventional gas reservoirs. However, in some unconventional gas reservoirs (e.g., tight sands and particularly in coals) where pore-throat radii as small as a few micro-nanometers are common, diffusion plays an important role and should be taken into account [1] . The common Darcy equation cannot fully capture the physics of flow in the micro-nanopore structure of coalbed methane (CBM) reservoirs. For CBM reservoirs, the viscous effects and other flow phenomenon such as diffusion and slippage effects should be considered. Therefore, a more rigorous approach is needed to accommodate submicron effects in micro-nanopores of some low-permeability CBM reservoirs.
Coal Samples and Experiments

Samples Selection and Basic Coal Analyses
The twelve block coal samples with different coal ranks (0.46% to 2.79% R o,m ) were obtained from the active mining areas of the eastern Junggar Basin, eastern Ordos basin and southern Qinshui basin (Table 1 ). There were four low-rank coals (HDG 6#, BLG 6#, HYC 4#, LHJ 4#), four medium-rank coals (LL-HJG 5#, LL-DP 10#, LL-SL 5#, LL-XM 5#) and four high-rank coals (TY-DY 6#, GJ-DQ 4#, YQ-WK 15#, YQ-YK 15#). The basic coal analysis includes petrographic, proximate analyses and the maximum vitrinite reflectance (R o,m ) of the coal samples were conducted. The maceral compositions (500 testing points) were acquired by using a Laborlxe 12 POL microscope with the MPS 60 photo system on polished surfaces. In addition, the proximate analysis was operated using a GF-6000 full-automatic proximate analyzer manufactured by Preiser Scientific, USA, with a particle size of <0.2 mm based on the ISO 17246-2010 test standard as previous research. Note: d a = average pore size; M ad = Moisture content (wt %, air dry basis); A ad = Ash yield (wt %, air dry basis); V ad = Volatile matter (wt %, air dry basis). FCad = Fixed carbon (wt %, air dry basis). V = vitrinite; I = inertinite; E = exinite; M = minerals.
MIP Experiment
MIP is one of the effective tools that can obtain pore info over such a broad range from 0.003 µm to 360 µm based on cylindrical capillary model. Compared with traditional methods (the particle method, the steady state method and the inverse diffusion method), determination of gas diffusivity with the pore info obtained through MIP is time saving (<2 h) and cost-effective. Mercury will invade pores with applied external pressure. Assuming the pores are composed of a variety of cylindrical pores, the Washburn equation [30] can be used to obtain the pore radius as shown in Equation (1):
where ∆P denotes is the pressure (dynes/cm 2 ); γ is the surface tension, set to be 485 (dynes/cm);
θ is the wetting contact angle ( • ), set to be 130 • [31] ; and R is the capillary radius (cm) at the corresponding pressure. Before the MIP test, the samples were oven-dried for at least 48 h at 105 • C; after that we cooled them to room temperature (22.5 • C) in a desiccator. Then, MIP tests were operated following the standard process of SY/T 5346-2005 and conducted by using PoreMaster GT60 (Quantachrome, Boynton Beach, FL, USA). The measurements can run up to a pressure of 206 MPa. After MIP tests, mercury intrusion-extrusion curves can be obtained, and then pore info including porosity, cumulative mercury injection volume, average pore size (d a ) and median pore size (d 50 ) could be inferred.
CH 4 Diffusivity Measurement
The CH 4 diffusivity measurement is based on the volumetric method [32] , which was carried out as shown in Figure 1 . The experimental device consists of the seal diffusion chamber, the thermostat, the gas source (CH 4 and He) and the data collecting system. The seal diffusion chamber includes sample cell (SC) and reference cell (RC) with high-precision pressure transducer. The thermostat, with an accuracy of ±0.1 • C, is used to keep the seal diffusion chamber at the stated temperature of 30 • C.
Before the adsorption and diffusion experiments, all coal samples were ground to 60-80 mesh (0.18-0.25 mm) and were dried at 105 • C for 24 h. Then 40 g coal samples are weighed and put into sample cells immediately. The adsorption and diffusion measurements were kept at a temperature of 30 • C. The procedures are as follows: first, the empty volume of the sample cell and reference cell were measured by a volume expansion method using helium (He) gas. Second, the volume of the coal matrix should be determined by the volume expansion method using helium. Both above steps should be repeated three times. Third, measurements were performed by injecting CH 4 with increasing pressures, and the pressure of the seal diffusion chamber at each time interval was recorded. Finally, the CH 4 effective diffusion coefficient can be evaluated with the unipore diffusion model [33] :
where M t corresponds to the total mass of gas adsorbed (kg/m 3 ) at time t (s), M ∞ is the total amount of gas adsorbed (kg/m 3 ) at indefinite time, D is the effective diffusivity (m 2 /s), r p is the diffusion path length (m). After a step change in surface concentration, this relationship may be written for the case of gas desorbing from coal particles as:
where V t corresponds to the total volume of gas desorbed (cm 3 ) at time t (s); and V ∞ is the total adsorbed or desorbed volume (cm 3 ).
For the very small values of time (t < 600 s), we can obtain the relationship among adsorption rate data, the effective diffusivity D e (m 2 /s) and time t (s) [16] .
The effective gas diffusion coefficient (D e ) is defined as the ratio of the gas diffusion coefficient (D) to the square of the diffusion path length r p : D e = D/r 2 p . 
Permeability Measurement
Air permeability, a routine core analysis method, was measured using helium (He) gas according to the Chinese Oil and Gas Industry Standard SY/T 5336-1996. All samples were cut to a cylindrical core (2.5 cm in diameter, length >2.5 cm) parallel to the bedding plane [34] . The air permeability can be calculated as follows:
where k corresponds to air permeability (m 2 ); Q 0 is volumetric rate of flow at reference pressure (m 3 /s); µ is air viscosity (Pa·s); L is length of coal sample (m); P 0 is reference pressure (Pa); A is cross-section area of core sample (m 2 ); P 1 is upstream air pressure (Pa); P 2 is downstream air pressure (Pa).
The Derivation of CH 4 Diffusivity and Permeability by MIP
CH 4 Diffusivity
Gas diffusion in coal can be described as Fick's diffusion [35] , which can be expressed as: Gas diffusivity (D ) is defined as the ratio of the effective gas diffusion coefficient (D e ) to the gas diffusion coefficient in air (D a ), which can be expressed as an exponential function of porosity (analogous to Archie's law) [36] :
where ϕ a is gas measured porosity and m is cementation factor. In this work, the cylindrical shape for coal pores is assumed that the cylindrical diffusion paths prevail in the coals. The effective diffusion coefficient is expressed as [24, [37] [38] [39] :
where D e is effective diffusion coefficient (m 2 /s), D is the gas diffusion coefficient (m 2 /s); τ denotes the tortuosity factor [38] :
(applicable for 0.05 ≤ ϕ a ≤ 0.95). Then, the Bosanquet relation was introduced to get gas diffusion coefficient [40] : 
where T is absolute temperature (K); M CH 4 is molecular weight of CH 4 (g/mol); M Air is molecular weight of Air (g/mol); P denotes the pressure of CH 4 (Pa); ∑ v CH 4 and ∑ v Air respectively represent molecular diffusion volume of CH 4 and Air (cm 3 /mol). And we can obtain the Knudsen diffusion coefficient (D KA ) with the parameter of the temperature (T), molecular weight of gas (M CH4 ) and average pore size (d a ) of the porous medium, according to the following equation [23, 42, 43] :
T is temperature (K); M is gas weight (g/mol); and d a is average pore diameter (m) from MIP:
V is total intrusion volume (mL/g); A is total pore area (m 2 /g).
Permeability
The relationships between absolute permeability and porosity, pore size were acquired based on MIP data with percolation theory [23, 24] :
Here k is absolute permeability (Darcy); L c is pore size; L max is the value of the pore size with the maximum hydraulic conductance; ϕ is porosity and S (Lmax) is the fraction of total porosity ϕ filled at L max . To acquire this characteristic length (pore size) L c from the mercury porosimetry, pressure is determined at the inflection point in the rapidly rising range of the cumulative mercury intrusion as previous research [2, 23, 24] .
Before the MIP measurements, permeability with He and effective diffusion coefficients have been measured. The experimental CH 4 diffusion by using unipore diffusion model and the theoretical calculated effective diffusion coefficients (De) of the same coal samples will be compared. The important parameters including effective diffusion coefficient (D e ), diffusivity (D ) and cementation factor (m values) by Equation (3) are presented in Table 2 . Note: d a = average pore size; De = effective gas diffusion coefficient; D = CH 4 diffusivity; m = cementation factor.
Results and Discussion
Repeatability of MIP Tests
Normally, a repeatability test on the same sample should be carried out as previously tested. Because the samples remain contaminated with mercury after the MIP test, a regular repeatability should not be available for MIP tests. However, three representative samples from the same coal were chosen to evaluate the repeatability of MIP. HDG 6#, LL-DP 10#, YQ-WK 15# were selected for triplicate MIP tests and the remaining 8 samples were tested only once. Table 3 shows the results of the repeatability tests. 
Coal Basic Information and MIP Results
The twelve coal samples with different coal ranks varied from lignites to anthracites with R o,m 0.46% to 2.79%. The maceral composition of the coals was dominated by vitrinite and variable exinite content. In addition, the coals have moistures of 0.57-8.63%, ash yields of 5.38-38.08%, volatiles of 3.5-48.97% and fixed carbon of 25.36-75.05% respectively, as shown in Table 1 . Six coal samples with different coal ranks were selected for mercury porosimetry, the mercury intrusion curves are showed in Figure 2 . The average pore diameter of the selected coals has LL-SL5# (26.12) > YQ-WK15# (15.22) > HDG6# (13.80) > TY-DY6# (11.32) > LL-DP 10# (10.25) > BLG6# (8.70) as listed in Table 2 . The cumulative intrusion curves can be divided into three types: Type I, for instance LL-SL5#, has small threshold pressure, high cumulative intrusion volume and low mercury withdrawal rate. The mercury intrusion curve can be divided into three sections: the curve increases steadily until the cumulative intrusion volume reaches 35% when the pressure is under 1 MPa; Curve slope increases suddenly and the rate of mercury intrusion slows down significantly when the pressure is higher than 1 MPa; Then, the curve verge to horizontality little by little when the pressure is higher than 10 MPa. The mercury withdrawal curve can be divided into two sections: the curve is similar to horizontality when the pressure is higher than 10 MPa; The slope become larger and the curve is similar to vertical when the pressure is under 10 MPa. Type I reflects that macropore and micropore predominate the pores, which means that strong heterogeneity existed. Type II, for instance HDG6#, has high threshold pressure, high cumulative intrusion volume and low mercury withdrawal rate. The mercury intrusion and withdrawal curves are stable and no inflection exists. Type II reflects that the even-distributed pore structure. Type III, that includes BLG6#, LL-DP 10#, TY-DY6# and YQ-WK15#, has high threshold pressure, low cumulative intrusion volume and high mercury withdrawal rate. Type III reflects that micropore dominates the pores. 
CH 4 Diffusivity and Permeability by Measurements and MIP Data
The air permeability data using helium gas of 12 samples is listed in Table 4 . The permeability most samples are in the range of 0.1-1.6 mD except HDG 6# (3.68 mD), YQ-YK 15# (4.02 mD) and GJ-DQ 4# (0.012 mD). High-pressure CH 4 diffuse rate data on all 12 coal samples has been modeled using the unipore diffusion model (Equation (3)). As shown in Table 4 Figure 3 . The diagrams show that the pressure decreases rapidly within the initial 1000 s and then the diffusion process approaches the equilibrium state gradually. According to Figure 3 , the unipore model correlates well with the experimental curve for CH 4 adsorption of various rank coals. Samples c (LL-HJG 5#) and d (LL-DP 10#) have smaller slopes than that of the others, which means more time is needed to reach the equilibrium state. Figure 4 demonstrates the comparison of results from the theoretical calculation and experimental approach by CH 4 diffusion, which shows that effective diffusion coefficient acquired by these two approaches is consistent except for sample LL-SL 5# (da = 26.12). The results of these two approaches for most samples are distributed equally near the straight line, which may support the validity of the theoretical method to determine the effective diffusion coefficient by MIP data. However, the effective diffusion coefficient calculated in this work is slightly higher than the experimental result by CH 4 diffusion. This phenomenon may be due to the CH 4 adsorption occurring in coal when a diffusion experiment wascarried out. The surface adsorption layer makes CH 4 diffusion lag, while De calculated in this work without considering the gas adsorption phenomenon [32, 44] . Therefore, a higher effective diffusion coefficient was acquired. For permeability, the theoretical calculation and experimental permeability by CH 4 are distributed equally near the straight line with the slope equal to 1. This result means that the validity of the theoretical derivation method of determining coal permeability by mercury porosimetry data is reliable. 
Insights into the Relationships among Coal Porosity, Gas Diffusivity and Permeability
In this section, the gas diffusivity and permeability data are obtained from experimental measurement. Figure 5 shows that the R o,m exhibits no significant relationship with effective diffusion coefficient (D e ) and permeability [45] . However, there is a subtle exponential relationship with coefficient of determination (R 2 ) of 0.41 between permeability and diffusivity as shown in Figure 6 . Although no exact function of permeability and diffusivity exists, it indeed demonstrates an increasing gas diffusivity trend with the increase of permeability. Coefficient of determination (R 2 ) can be calculated as follows:
whereŷ i is the predicted value of y i ; y is the mean value of y; SSE is the sum of squares due to error:
SSR is the sum of squares of the regression:
SST is the total sum of squares:
From the above equation, if using a good fitting model, R 2 should vary between 0 and 1. A value closes to 1 indicates that the fit is good. Figure 7 shows the relationship of D and porosity constructed for the different rank coals and five other rocks. A distinct power function relationship exists between D and porosity for coals and other rocks. The cementation factor (m values) can be deduced by Equation (3) . All twelve coals show relatively high m values (from 2.03 to 2.46), which tends to exhibit a larger m value for coals compared with other rocks. The results can be divided into two groups according to the different m values. The other rocks group includes dolomite, limestone, Indiana sandstone, Berea sandstone and red brick have the m value of 1.5, while for the different rank coals, the cementation factor is 2.3 due to the nature of organic rocks [2] .
The coals exhibit an organized behavior and display an exponential relationship between D and average pore diameter (d a ) as shown in Figure 8 . For the group of coals with m = 2.3, the relationship is expressed as follows with the coefficient of determination (R 2 ) of 0.78:
where D denotes diffusivity (dimensionless) and d a is the average pore diameter in µm. For the group of other rocks with m = 1.5, the relationship can be summarized as follows with the coefficient of determination (R 2 ) of 0.87:
The complicated pore structure of coals makes it difficult to make further conclusions. The relationship for permeability versus porosity of twelve coals with different ranks and five other rocks were plotted in Figure 9 . The relationship between permeability and porosity has been well established by previous research [46] [47] [48] . In this study, the results show two different exponential relationships for these two group rocks with different m values. For the group of coals with m = 2.3, the relationship between permeability and porosity can be summarized as follows with the coefficient of determination (R 2 ) of 0.77:
where k is permeability in µm 2 and ϕ a is air-filled porosity. This study may provide a new perspective on the fluid flow evaluation of unconventional reservoirs with the classic mercury porosimetry technique. 
Conclusions
The effective diffusion coefficients and permeability of different rank coals were theoretically deduced with the data from mercury porosimetry. Besides, we have explored the correlation of CH 4 diffusivity to porosity and permeability of different rank coals. The conclusions are made as follows:
(1) The calculated effective diffusion coefficient (D e ) is slightly higher than measured results due to the existence of CH 4 adsorption in pore surface. The theoretically deduced permeability (k) is similar to the experimental result. This supports the validity of the derivation method of determining effective diffusion coefficient and permeability by mercury porosimetry. 
